Understanding the stand dynamics of tropical production forests is essential for determining the sustainability of a polycyclic selective logging system, but limited related studies have addressed the impacts of illegal logging over time. Myanmar faces the extensive degradation of traditional production forests with a 160-year logging history, but the cause of this degradation and how to balance legal and/or illegal disturbances with recovery in over-logged forests remain unclear. The present study investigated stand structural changes over 5 years after official legal logging operations using two 1-ha (100 × 100 m) sample plots. For 5 years after logging, the volume of trees with a diameter at breast height (DBH) ≥ 20 cm decreased by 46.0% from 121 to 65.1 m 3 ha −1 , with a significant loss of the first-and second-grade species group (Tectona grandis Linn. f. and Xylia xylocarpa (Roxb.) Taub.) from 48.3 to 6.8 m 3 ha −1 . The total tree loss owing to official logging operations, mainly targeting the second-and fourth-grade species group, was 29.3 m 3 ha −1 . A similar level of total tree loss (28.0 m 3 ha −1 ) was attributed to illegal logging that targeted the first-and second-grade species group. The mean annual recruitment rate of 3.1% was larger than the reported values for tropical forests, but there were no and only 1.5 trees ha −1 recruitments s for T. grandis and X. xylocarpa, respectively. The mean annual mortality rate of 2.5% was within the values reported in the related literature, and the volume loss from the mortality was relatively similar to the gain from the increment of living trees for all species groups. We concluded that the effects of illegal disturbances for 5 years post-harvest were equivalent to those of legal disturbances and larger than those of natural change, and are a major cause of the substantial reduction in stocking levels, especially for commercial species.
Introduction
Tropical forests, representing ~44% of global forests (1770 million ha in area) [1] , represent a widely recognized and important ecosystem for maintaining carbon stocks and biodiversity, and they play key roles in the provision of nearly 15% of global timber [2, 3] . Consequently, attention has focused on the impacts of selective harvesting, which is a common operation in tropical timber production [4] , and the re-establishment of disturbed forests [5] . Sustainable forest management for timber production demands that forest functions are maintained and that the growing stock recovers during the cutting cycle to allow the continuous provision of ecosystem services and sustainable yields of target species [6] . Therefore, it is very important to obtain reliable information on stand dynamics and species compositional shifts after selective logging [7, 8] .
In an attempt to assess the stand dynamics of disturbed tropical forests, comparative information on the changes in size structure, species composition, and demographic processes, such as growth, mortality, and recruitment, has been obtained [9] [10] [11] [12] [13] . These studies used data between two censuses at different periods or between disturbed and undisturbed control plots. Investigating the dynamics in post-harvest forests is not simple because the forest structure is the result of natural processes, such as tree growth, mortality, and recruitment; natural disturbances, such as forest fires and wind damage; and human disturbances, such as illegal logging. However, only a few studies [14, 15] have considered illegal logging, which may have considerably great effects on stand dynamics in tropical production forests.
Myanmar is a tropical timber-producing country in Southeast Asia which uses the traditional Myanmar selection system that evolved in the 1860s. The Myanmar selection system originally focused on the sustainable production of teak (Tectona grandis Linn. f.), and its theories and practices have been subsequently applied to other commercial species [16] . This system attempts to ensure sustained yields of commercial species using a 30-year cutting cycle, and the harvestable size is regulated using a minimum diameter cutting limit (MDCL), which is 58 to 78 cm, depending on the species. The annual allowable cut (AAC) is calculated based on the number of future harvestable trees that will reach the MDCL within the next 30 years, and an assumed diameter growth rate (0.32 cm year −1 ) is adopted to predict the harvestable trees. Until recently, the forestry sector was responsible for approximately one-third of the country's total export earnings and was a major source of foreign exchange. Owing to its implementation for hundreds of years of selective logging in tropical production forests [17] , the Myanmar selection system can be considered a sustainable practice and suitable for maintaining multi-species, natural teak-bearing forests [18] . However, studies using remote sensing have revealed that forest degradation, defined as the reduction of canopy cover, has occurred in selectively logged forests in Myanmar during recent decades [19, 20] . [21] used large-scale forest inventory data from the systematic sampling of 4 km × 4 km grids to reveal widespread forest degradation in the production forests of Myanmar, in which there were very few large harvestable trees of commercial species. In addition, [14] investigated legally and illegally cut stumps to reveal that the amount of illegally cut trees was much greater than legally cut trees and that illegal cutting increased after legal cutting. Under such negative forest conditions, the forest policy in 2016 eventually introduced a country-wide logging ban policy for 2016-17 and a 10-year fallow period in Bago Yoma, which is the main extraction area of Myanmar.
While the long-standing practices of Myanmar have been questioned since production forests were threatened by forest degradation, [22] reported that the Myanmar operations (felling, skidding, and road construction) caused relatively limited residual tree damage and ground disturbance compared with tropical forest logging operations in other countries. In light of such research findings, illegal logging may be a main reason for forest degradation. However, the extent of illegal logging's impact on stand dynamics over time compared with the other components, such as natural mortality, and the recruitment and growth of living trees, is unknown. Studies on the structures, growth rates, and yields of natural teak forests in Myanmar started with the commencement of working-plan operations in as early as the late 19th century [23] . The diameter growth rate (0.32 cm year −1 ) of teak, based on tree ring counting at the time, was used for the AAC calculation. However, it is questionable whether the growth rates of production forests that have been subject to selective logging for one and a half centuries remain constant. Although data on growth rates of commercial plantation trees are common in Myanmar forestry, updated and reliable data on the growth and yields of natural production forests are still lacking.
The objective of this study is to evaluate impacts of illegal logging on stand dynamics in a traditional production forest in Myanmar. For this, in this paper, we investigate changes in growing stocks and species composition just before and for 5 years after official legal logging operations in two 1-ha established plots. Then, we compare the components of stand dynamics, including human disturbances (legal-cut, illegal-cut, and collateral deaths from tree felling) and natural processes (mortality, recruitment, and living tree growth).
Materials and Methods

Study Site
The study was conducted in Compartment 93 of South Zamaye Reserved Forests (RF) in Bago Yoma, a legendary forestry region in the lower central basin of Myanmar. The RF, composed of 119 compartments, includes 79,613 ha in area, and the study site, Compartment 93, is 740 ha in area, located at 17°50′48″N, 96°7′19″E ( Figure 1 ). It has a typical tropical monsoon climate with two welldelineated seasons: a wet period from the end of May through October and a dry period from November through May. The mean annual rainfall is 3360 mm, with an average humidity of 82.9%, and the mean annual temperature is 26.7 °C in Bago City [24] , which is approximately 80 km southeast from the study site. The study site is not in an easily accessible area because it is situated upstream of the Zaungthu irrigation water reservoir in relatively undulating terrain. Tropical mixed deciduous forests, with the main characteristic species T. grandis, Xylia xylocarpa (Roxb.) Taub., Terminalia tomentosa Wight & Arn., and Bambusa polymorpha Munro., were mainly found at the site. Locally, the forest type is natural teak-bearing deciduous forest. Timber harvesting during 2012-2013 was the first instance of hardwood extraction from the study site after 1995. There were no accurate records available for timber extraction prior to 1995; however, existing old stumps indicated that timber was harvested at least twice prior to that year. Very old and decayed teak stumps were distinguishable by their texture, size > 73 cm, and low heights (~0.2 m), which met the criteria for felling teak [25] . Other higher hardwood stumps of various sizes were believed to indicate trees extracted in the 1990s prior to the construction of the Zaungthu Dam adjacent to the study site.
Timber Harvesting Operation
For timber harvesting in Myanmar, tree species are classified into six commercial groups: T. grandis (teak) and non-teak hardwoods of Groups I-V. Group I species are the most important commercially because the trees' economic value decreases from Group I to IV, and Group V contains the lesser-used species. Whether a tree can be legally harvested is determined by the prescribed minimum diameter cut limit (MDCL), which varies with species and forest types in a geographical location. Timber harvesting plans for the extraction of T. grandis and non-teak hardwoods are usually determined separately. In the 2012-2013 fiscal year, T. grandis harvesting was not implemented in the study area. For hardwood species, the MDCL in the study site ranged from 58 to 78 cm, while, for the major commercial species at the site-X. xylocarpa, Lagerstroemia speciose, and T. tomentosa-the MDCL was set at 68 cm [24] . A total of 1071 trees were marked by the Myanmar Forest Department to be extracted from Compartment 93 [22] . The government agency-the Myanmar Timber Enterpriseperformed the logging operations, which mainly included tree felling, log stumping and skidding, logging road construction, and log transportation.
Field Measeurments
A 9-ha rectangular plot (300 m × 300 m) with two inner 1-ha subplots, A and B (Figure 2 ), was established during December 2012. As a starting point for establishing the 9-ha plot, the south-east corner point of subplot A was subjectively located in an area with trees marked for felling, and the base and cross lines of each subplot were laid out in north-south and east-west directions, respectively, from that point [22] . When we located the corner point of subplot A, we attempted to find a location representative of a production stand in which the plot included some of the trees marked for harvesting, while avoiding inaccessible areas that were too steep and/or lacked commercial species [22] . Intensive tree measurements were taken in subplots A and B. All the standing trees with a diameter at breast height (DBH) ≥ 10 cm were individually numbered and tagged prior to the tree felling operation, and each tree's species was identified. Immediately after tree felling, residual trees damaged by the felled trees were assessed [22] . This investigation was completed in December 2012. In March 2013, when all the logging operations were completed, trees damaged as a result of the log skidding operation were traced and the number of trees removed owing to the road construction was determined. The area of the logging road was measured within the 9-ha plot. In December 2017, 5 years after the felling operations, all the trees with a DBH ≥ 10 cm in subplots A and B were re-measured, newly recruited trees that reached 10 cm DBH were identified, and dead or missing trees were recorded.
Sampling of Illegally Cut Trees
At the site, we were able to distinguish illegal cutting from legal cutting based on the official hammer marks, and the sizes and heights of stumps in the field. In Myanmar, the legality of harvested trees can be checked using the precise official hammer-marking of the Forest Department and the timber extraction agency-Myanmar Timber Enterprise. For timber harvesting, exploitable trees that have attained the prescribed MDCL, for example, ≥ 58, 68, or 78 cm DBH, depending on the species at the site, are marked with two blazes, along with the selection felling number, at the lowest part of the bole height (below ~45 cm) and just above or below the 1.3-m bole height. Immediately after the selected tree is felled, a series of hammer marks, such as the selection felling number, number of marketable logs from felled trees, compartment code, and personal hammer of the officer in charge, are branded on the stump surface. Therefore, stumps without branded hammer marks indicate illegally cut trees. In addition, illegal stumps are usually higher and smaller in size than the MDCL.
Data Analysis
The stand-level attributes at pre-harvest (December 2012), immediate post-harvest, and 5-year post-harvest (December 2017) periods were examined for individual trees with a DBH ≥ 10 cm. The causes of changes over time were classified into human disturbances and natural occurrences. Human disturbances include (i) official logging operations (tree felling, tree skidding, and road construction), including collateral tree death caused unintentionally during the official operations, and (ii) illegal cutting and collateral death caused unintentionally during tree felling. Natural occurrences include (iii) recruitment reaching a 10-cm DBH; (iv) natural deaths (mortality) of trees, both standing and fallen; and (v) the growth of living trees. We placed trees that we could not locate during the survey into the mortality category.
The annual mortality and recruitment rates were estimated using the following equation [26] :
where represents the rate of mortality or recruitment in a percentage of trees per year; represents the time between measurements 1 and 2 in years; for mortality, represents the number of trees recorded during measurement 1 and dead at measurement 2; and, for recruitment, represents the number of trees newly reaching a 10 cm DBH at measurement 2 and represents the number of trees in measurement 1 [26] .
The DBH increment of individual trees with a DBH ≥10 cm was calculated for trees surviving at measurement times 1 and 2. Recruited trees and five outliers with unrealistic data, which may have resulted from measurement errors, were excluded from the increment analysis.
The volume of a standing tree was calculated using the following equation developed for trees having ≥20-cm DBH in Bago Yoma, Myanmar [27] :
where v represents the tree volume over bark (m³), D represents the DBH (cm), and bn values represent parameters estimated for each species or species group.
Results
Stand Structure at Pre-Harvest
Prior to the tree felling operation in December 2012, the density of trees with DBHs ≥ 10 cm in subplots A and B was 201 and 151 trees ha −1 (Table S1) , with a basal area of 16.3 and 16.8 m 2 ha −1 (Table S2) , and the volume of standing trees having a ≥20 cm DBH was 111 and 131 m 3 ha −1 , respectively ( Table 1 ). The DBH distribution among trees showed an inverted J shape, typical of tropical natural forests [25] . The tree species richness was 42 and 40 species ha −1 in subplots A and B, respectively, and there were 55 species in total for the 2-ha subplots. Among the 55 species, tropical mixed deciduous tree species of T. grandis, X. xylocarpa (Group I), and L. speciosa (Group III), representing 12.8%, 9.38%, and 9.38% of the tree density, respectively, were dominant. The species richness of bamboo was three in the 2-ha subplots, among which B. polymorpha was dominant, representing 74.8% of the 519 bamboo-clumps [25] . 
Human Disturbance
Disturbances Caused by Official Logging Operations
Within subplots A and B (2 ha), 5.0 trees ha −1 of commercial hardwood trees (tree volume of 25.5 m 3 ha −1 ) were harvested from species groups I, III, and V (Tables 1 and S1, Figure 3 ). The number of residual trees that were killed collaterally by the official harvesting operation was 5.5 trees ha −1 (Table  S1 ). The size of officially harvested trees (mean DBH ± SD = 83.9 ± 20.5 cm) was relatively larger than that of the collaterally killed trees (Figure 3 ). The log skidding operation was conducted using elephants, but no trees were observed to be damaged as a result of skidding. The logging roads constructed for forest access and as feeders used 84 m ha −1 or 4.6% of the area [22] . During the logging road construction, 8.5 trees ha −1 were cleared or destroyed, but the sizes of these trees were relatively small (Table S1 and Figure 3 ). As a result, the total tree loss during the official timber harvesting operation was 19 trees ha −1 (29.3 m 3 ha −1 ), resulting in a reduction from 176 to 157 trees ha −1 (121 to 91.7 m 3 ha −1 ) (Tables 1 and S1, and Figure 4 ). 
Disturbances from Illegal Logging
We observed the trees that were illegally cut for 5 years after the official logging operations. The amount of illegal felling was 13.5 trees ha −1 (27.5 m 3 ha −1 ) (Tables 1 and S1). Illegally cut trees were mainly limited to relatively large trees, as well as smaller trees cut for use in saw pits [25] (Figure 3 ). It should also be noted that only the most economically valuable species-T. grandis (teak) and X. xylocarpa (Group I)-were mainly affected by illegal cutting (Figure 3 ). The number of trees that were collaterally killed as a result of felling illegally cut trees was 10.5 trees ha −1 (0.54 m 3 ha −1 ), but the sizes of these killed trees were relatively small (Tables 1 and S1, and Figure 3) . Overall, the number of illegally cut trees and the subsequent residual trees killed during felling amounted to 24.0 trees ha −1 (28.0 m 3 ha −1 ) being lost over the 5-year post-harvest period (Tables 1 and S1).
Natural Occurrences
Mortality, Recruitment, and Living Tree Growth
The mortality was 19.5 trees ha −1 (7.94 m 3 ha −1 ) for the 5-year post-harvest period (Tables 1 and S1), and on an annual basis, the mortality rate was 2.5%. The mortality rate was greater for relatively smaller-sized trees and for species groups 2-5 ( Figure 3 ). The recruitment was 24.5 trees ha −1 for the 5-year post-harvest period (Tables 1 and S1), and the annual recruitment rate was 3.1%. For the recruited trees, the DBH was relatively small, being between 10 to 20 cm, and thus, the basal area was also relatively small (0.3 m 2 ) ( Table S2 ). The volume was not calculated since volume equations are only applicable to trees with a DBH ≥ 20 cm. Among species groups, the recruitment was particularly small between 0 to 1.5 trees ha -1 for Teak, Group 1, and Group 2 ( Table S1 ).
The amount of mortality and increment of living trees were relatively similar for all trees (7.94 and 9.39 m 3 ha −1 ), as well as for each species group (Tables 1 and S2) . As a result, the total change caused by natural occurrences, including mortality, recruitment, and living tree growth, was relatively small for the 5-year post-harvest period (1.45 m 3 ha −1 ) (Tables 1, S1 and S2).
Diameter Growth Rates
For all the species, the mean (± SD) of the annual DBH increment rate over the 5-year postharvest period was 0.48 ± 0.30 cm year −1 , which is significantly larger than the standard growth rate of 0.32 cm year −1 that has been traditionally used to calculate the sustained yield for the 30-year cutting cycle (t-test, p < 0.05). For each of the species groups, the means for Teak (0.54 cm), Group 1 (0.69 cm), Group 4 (0.55cm), and Group 5 (0.46) were significantly larger than 0.32 cm, but there was no significant difference for Group 2 (0.46 cm) and Group 3 (0.39 cm) (Table S3 and Figure S1 ).
Changes Over the 5-Year Post-harvest Period
There were substantial decreasing trends over the 5-year post-harvest period, with reductions of 46% (121 to 65.1 m 3 ha −1 ) ( Figure 5 and Table 1 ). Among species groups, the large reductions from legal operations in 2012 were only found for Group 1 and 3, while a large reduction after legal operations only occurred for Teak and Group 1 ( Figure 5 and Table 1 ). Before the legal operations, Teak and Group 1 shared 40% (48.3 m 3 ha -1 ) of the total volume (121 m 3 ha -1 ), but after the 5-year postharvest period, the share decreased to 10%, while the other four species groups represented 90% ( Figure 5 and Table 1 ). 
Discussion
Human Disturbances
The logging intensity is a critical factor that determines residual tree damage, soil disturbance [28] , and biodiversity loss [29] during tropical selective logging. The intensity of official logging in this study (5 trees ha −1 and 25.5 m 3 ha −1 ) is relatively low compared with the maximum ranges reported in the tropics, such as 20 trees ha −1 [30] , 70 m 3 ha −1 [28] , and 200 m 3 ha −1 [29] . Sist et al. (1998) [31] suggested that the felling intensity of reduced-impact logging must be limited to a maximum of 8 trees ha −1 to reduce logging damage by 50% in comparison with conventional logging. Therefore, the intensity of official logging in this case study may not be the main reason for forest degradation. However, the amount of illegal logging was substantial, and its volume (27.5 m 3 ha −1 ) over the 5-year post-harvest period was similar to that of official logging. When we considered the total of humaninduced disturbances, which included official road construction and collateral death caused by felling legally and illegally cut trees, the amounts of killed trees were similar between legal and illegal disturbances (29.3 and 28.0 m 3 ha −1 , respectively). The volume affected by illegal disturbances was considerably greater than the 5-year volume increase (1.45 m 3 ha -1 ) resulting from natural occurrences (mortality, recruitment, and living tree growth). Using data from only 5-year measurements, we could not determine whether stocking would recover to the pre-harvest level for the 30-year cutting cycle, but it was clear that illegal disturbances are the main cause of the large reduction in stocking after official logging (Figure 4 ).
Our field measurements confirm that illegal logging occurred after the official logging. Illegal logging has a large impact not only on stocking, but also on the species composition. The illegal logging targeted two of the most commercially important species-T. grandis and Group 1 (X. xylocarpa). The mean DBH (± SD) of illegally cut T. grandis and X. xylocarpa was 58.1 ± 16.9 and 49.1 ± 18.2, respectively, which are lower than the MDCLs (63 cm for T. grandis and 68 cm for X. xylocarpa) [32] . Even though official timber harvesting of T. grandis was not implemented at this study site, all the trees larger than the MDCL (63 cm), i.e., Class I, and all the trees of Class II, which are between 53 cm and the MDCL (63 cm), have been cut illegally (Figure 3) . Therefore, T. grandis will not be available in the next cutting cycle. A similar situation was found for X. xylocarpa (Group I), most of which are in Class I and II, and were illegally cut (Figure 3 ).
Natural Occurrences: Mortality, Recruitment, and Living Tree Growth
Although mortality and recruitment may vary between species and diameter classes, the mean mortality rate (2.5%) in the present study was similar to, or well within the range of, reported values from tropical rain forests in the Amazon and Southeast Asia. Generally, the annual mortality rates range between 1% and 2% per year in non-logged natural tropical forests [33] , but the values are often higher for recently logged forests and tend to decrease over the years after timber harvesting. For example, Silva et al. (1995) [34] reported mortality rates of 2.6%, 2.4%, and 2.2% per year in Tapajós National Forest, 5, 6, and 11 years after the harvest, respectively. The highest mortality rates are observed during the first 2-year post-harvest period [26, 35] , and mortality rates stabilize later, for between 7-year and 11-year [36] , between 5-year and 10-year [26] , or after 15-year [6] post-harvest periods.
The mean recruitment rate (3.1%) in the present study was greater than the 2.33% ± 0.13% (n = 32) and 1.75% ± 0.66% (n = 9) values reported for mature rain forests in the Amazon Basin [37] and Southeast Asia [38] , respectively. The increasing intensity of logging results in more recruitment [13] . Therefore, the large recruitment in this study may result from disturbances caused by both legal and illegal logging. However, it should be noted that there were no and only 1.5 trees ha -1 requirements over 5 years for the first-and second-grade species T. grandis and X. xylocarpa, respectively, which were largely reduced by illegal and/or legal disturbance (Table S1 ). In contrast, more requirements were found in the three-grade species group (Table S1 ). Therefore, it may be difficult to harvest highgrade timber species in the future, even though our results were only obtained over a 5-year period.
The net changes in stocking from natural occurrences (natural mortality, recruitment, and increment of living trees) over 5 years were small, since the gain from the increment was similar to the loss from the morality for all species, while the gain from recruitment was relatively small. This indicates that the changes due to natural occurrences are much smaller than those from legal and illegal human disturbances (Figure 4 ).
Diameter Increment
The diameter growth rate is an important parameter for calculating the AAC, and 0.32 cm year −1 is currently adopted for the 30-year cutting cycle of the Myanmar Selection System. AAC is estimated based on the number of commercial trees in Class I, which represents the currently harvestable DBH class, being equal or more than the MDCL, and Class II, which can reach the MDCL within a 30-year cutting cycle. The DBH range of Class II is from MDCL to MDCL minus 10 cm, which is determined by the average growth rate multiplied by the cutting cycle (0.32 cm year −1 × 30 years = 9.6 cm). For Teak with an MDCL = 63 cm, Class I is > 63 cm and Class II is 53-63 cm. Therefore, if the currently adopted growth rate (0.32 cm year −1 ) overestimates (or underestimates) the real growth, the Class II range and AAC are overestimated (or underestimated). Because the currently adopted value (0.32 cm year −1 ) is significantly smaller than our finding (0.48 cm year −1 ), the current AAC based on a growth rate of 0.32 cm year −1 may not be an overestimation, but an underestimation.
However, growth rates in logged forests are highest during the early post-logging period owing to the increases in open space and sunlight available to residual trees, and growth rates exhibit decreasing trends over time after logging. The highest growth rates occur at 5 years after harvest and gradually decrease to the level of the unlogged control area at 11-years post-logging in a Brazilian tropical forest [7] and 16-years post-logging in a Ghanaian high forest [39] . Therefore, the growth rate of 0.48 cm year −1 from 5-year post-harvest measurements is likely overestimated as an average for the 30-year post-harvest period, and thus, the currently adopted value (0.32 cm year −1 ) may not represent an underestimation for the 30-year cutting cycle [22] .
Conclusions
There were similarities in stand dynamic components, such as disturbance from legal logging operations, natural mortality, recruitment, and tree growth rates, between previous studies of tropical forests and this study, which was based at a traditional forestry site in Myanmar. However, the magnitude (volume) of illegal logging is similar to that of legal logging and considerably larger than changes caused by other components of stand dynamics. Illegal logging also causes dramatically decreasing numbers of large-size commercial trees, particularly T. grandis and X. xylocarpa. Therefore, illegal logging following legal logging is the most critical factor causing forest degradation, at least in terms of the provisioning services of the selectively logged production forest ecosystem. It should be cautioned that this study is based on data from 5-year measurements, so longer term monitoring is essential for evaluating the sustainability of selectively logged production forests over a 30-year cutting cycle.
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